The kinetic adsorption of p-cresol from aqueous solution onto mesoporous activated carbon was investigated for 100, 500 and 1000 mg L -1 initial concentrations, at constant 295 K temperature. The kinetic of the adsorption process was discussed using three kinetic models, i.e., pseudo-first order kinetic model, pseudosecond order kinetic model, and Avrami fractionary order kinetic model. In order to provide a mathematically rigorous method for evaluating the kinetic parameters using the original form of the kinetic models, the nonlinear regression was selected as most viable algorithm. The common statistical tools was employed to check the accuracy of fit measure, namely, sum of the squares of the errors SSE, reduced sum of the squares of the errors Red-SSE, coefficient of determination R 2 , adjusted coefficient of determination Adj R 2 and standard deviation SD. In adsorption process, the mechanisms is important for the process control because provide information on the factors affecting the reaction rate, and the interactions that occur between the adsorbent and adsorbate [6] . Over the past few decades, linear regression has been frequently used to determine the best-fitting kinetic model. In recent years, nonlinear method has proven as the better way to fit the kinetic parameters, avoiding the errors of linear method [7] [8] [9] [10] . Along with the common coefficient of determination (R 2 ), a large number of error functions (sum of absolute error, average relative error, sum of square error, chi-squares, etc) are employed to check the acuracy of fit [11, 12] . Moreover, most of error functions do not consider the degree of freedom in the models and are not reliable to compare and select the most appropiate kinetic model. The objective of this study is to assess the applicability of the statistical analysis, in the non-linear regression of the experimental kinetic data, generated from p-cresol adsorption by mesoporous activated carbon. The overall kinetic of the adsorption process it was analyzed by pseudo-first order, pseudo-second order, and Avrami fractionary order kinetic models. The statistical analysis consider five error functions to check the accuracy of fit measure.
Cresols are used in their high concentrations in coal tar for asphalt production, wood impregnation, disinfectants, explosives and insecticides [1] . It is also a metabolic product that is formed by microbiologically decomposition of waste material under anaerobic conditions [2, 3] . There are several research works on adsorption of p-cresol: Singh et al. [3] on parthenium-based activated carbon, Hadjar et al. [4] on a novel diatomite/carbon composite or Huang [5] on carbonylated hypercrosslinked polymeric adsorbent. In adsorption process, the mechanisms is important for the process control because provide information on the factors affecting the reaction rate, and the interactions that occur between the adsorbent and adsorbate [6] . Over the past few decades, linear regression has been frequently used to determine the best-fitting kinetic model. In recent years, nonlinear method has proven as the better way to fit the kinetic parameters, avoiding the errors of linear method [7] [8] [9] [10] . Along with the common coefficient of determination (R 2 ), a large number of error functions (sum of absolute error, average relative error, sum of square error, chi-squares, etc) are employed to check the acuracy of fit [11, 12] . Moreover, most of error functions do not consider the degree of freedom in the models and are not reliable to compare and select the most appropiate kinetic model. The objective of this study is to assess the applicability of the statistical analysis, in the non-linear regression of the experimental kinetic data, generated from p-cresol adsorption by mesoporous activated carbon. The overall kinetic of the adsorption process it was analyzed by pseudo-first order, pseudo-second order, and Avrami fractionary order kinetic models. The statistical analysis consider five error functions to check the accuracy of fit measure.
Experimental part

Materials and methods
The p-cresol was purchased from Merck Romania SRL and used without further purification. The stock solutions of 100, 500 and 1000 mg L -1 were prepared by dissolving an appropriate amount of p-cresol in ultra-pure water. A mesoporous granular activated carbon (GAC) was supplied by Ecopur System SRL, Romania.
Batch kinetic experiments
Amounts of 2 g activated carbon were contacted with 100 mL solutions of various concentrations (100, 500 and 1000 mg L -1 ). The flasks were sealed airtight with double plastic foil and were stirred at 295 K temperature by magnetic stirring with a constant speed of 200 rpm. The pH was measured with a semi-automatic pH-Burette from Crison Instruments SA. All adsorption data were performed without adding any buffer to control the pH. Samples by 5 mL aliquots were collected at different time intervals and the concentrations of p-cresol were measured using Jenway V550 UV/Visible spectrophotometer at maximum wavelength of 278 nm. Each experiment was done in triplicate. The amount of p-cresol adsorbed, q t (mg·g -1 ), by activated carbon, at time t, was calculated by following equation: (1) where C 0 is the initial concentration, C t is the concentration of p-cresol at time t (mg·L -1 ), V is the volume of aqueous solution (L), and W is the mass of adsorbent (g).
Kinetic modeling
The experimental data of adsorption kinetics is commonly modeled with the pseudo-first and pseudosecond order kinetic equations. In this work, the overall adsorption rate was also represented with Avrami model. The nonlinear forms of these kinetic models are presented in table 1.
Pseudo-first order model assumes that the adsorption occurs due to a concentration difference between adsorbate surface and solution, and this occurs only when external mass transfer controls the process. The pseudosecond order model is based on the assumption that the rate limiting step may be chemisorption which involves chemicals bonds between the adsorbent and the adsorbate [16] [17] [18] . An alternative kinetic equation was proposed by Avrami, based on the thermal decomposition. Few researchers [6, 23] suggests that, in the adsorption process, if the fractionary order n of Avrami model is higher than one, the rate limiting step is surface reaction and this indicate that the adsorption is more approximated to the pseudo-second kinetic order. Converselly, if n is less than one, external mass transfer can control the process and then the adsorption is more approximated to the pseudofirst kinetic order.
Statistical analysis of the kinetic parameters
In order to provide a mathematically rigorous method for evaluating the kinetic parameters using the original form of the kinetic models, the nonlinear regression has selected as most viable algorithm. Most commonly, algorithms based on the Levenberg-Marquardt methods are used [21, 24, 25] . In present study, the kinetic data for p-cresol adsorption onto GAC were analyzed by nonlinear fitting methods. Five different error functions (SSE, Red-SSE, R 2 , Adj-R 2 , and SD) were examined to evaluate the applicability of each model kinetic equation to the experimental data (table 2) using the software Microcal Origin 8.0.
In table 2, the significance of terms it is: N -the number of experimental data; Y calc -the regression-predicted value of the dependent variable; Y exp -the experimental value of dependent variable; w i -the weighting coefficient or a measurement of errors; DF -the degree of freedom of regression model, where DF = N -P; SS T -the total sum of squares; Y-the mean of the experimental data; DF T -the total degree of freedom of regression model, where = N -1.
Results and discussions
The pH of p-cresol solution was found in range of 6.94 to 7.99. The adsorption kinetics of p-cresol onto GAC were measured through the curves of adsorption capacity as a function of time. Figures 1a, 1b and 1c shows the p-cresol experimental adsorption capacity compared with nonlinear fitted curves by pseudo-first order, pseudo-second order and Avrami kinetics models at 100, 500 and 1000 mg L -1 p-cresol initial concentrations. It has been found that p-cresol adsorption capacity q t (mg g -1 ) increases with initial concentration and the adsorption rate decreases and then reaches the equilibrium. Table 3 shows the calculated constants of kinetic models, the qe values and the corresponding error function values of the first level statistical analysis. The regression analysis of experimental data shows that the correlation coefficients R 2 and Adj-R 2 for the pseudo-second order kinetic model obtained at all the studied p-cresol concentrations were relatively high and the error functions SSE, Red-SSE and SD are relatively low (table 3) . However, although the results of statistical analysis were reasonably acceptable in some cases, the calculated qe values obtained from the equation did not give reasonable values, that were too high compared with the experimental qe values. This finding indicated that the adsorption process did not follow the pseudo-second order kinetic model. In the case of pseudo-first order and Avrami models, it was observed that the qe values obtained from those equations were closer to the experimental qe values. Values of correlation coefficients R 2 and Adj R 2 of both models are generaly higher than 0.99, suggesting that those models gives a good fit. Furthermore, when the values of the SSE, Red-SSE and SD error functions were analyzed (table 3), it was observed that the values of the error functions were generally lower than those of the pseudo-second order kinetic model.
The statistical analyses exclude the pseudo-second order model as a candidate to describe the adsorption kinetic of p-cresol on GAC. In the same time, the statistical analysis do not consider the theoretical assumptions of the kinetics model. So, the final decision can not be based on results obtained. The Avrami model has the ability, by its fractional order to approximate the experimental data to the assumption of the pseudo-first order or the pseudosecond order kinetic models. In the case of p-cresol adsorption, for all its initial concentrations, the n values are lower than 1. This indicates that p-cresol adsorption onto GAC is more approximated to the first pseudo-order kinetic. As mentioned above, the most important assumption of the pseudo-first order is that the adsorption occurs due to a concentration gradient between adsorbate surface and solution, and this occurs only when external mass transfer controls the process. By the findings of Avrami kinetic model, it can be conclude that in p-cresol adsorption mechanism, the external mass transfer is often the step that controls the process but it is in competition with another process. The adsorption mechanism will be discussed in the next paper.
Conclusions
The kinetics of p-cresol adsorption onto activated carbon was investigated by pseudo-first order, pseudoseond order and Avrami fractionary order models. The nonlinear kinetic models were fit to the experimental data and ranked based on the statistical analysis tools. The common statistical tools to check the goodness of fit measure are: sum of the squares of the errors SSE, reduced sum of the squares of the errors Red-SSE, coefficient of determination R 2 , adjusted coefficient of determination Adj R 2 and standard deviation SD. The adsorption kinetic data of p-cresol onto activated carbon was found to be well represented by the Avrami model. The n values of Avrami model (near 1) indicated that the p-cresol adsorption onto GAC is better fitted to the first order kinetic.
